We previously synthesized poly(3-hydroxybutyrate) [P(3HB)] in recombinant Corynebacterium glutamicum, a prominent producer of amino acids. In this study, a two-step cultivation was established for the dual production of glutamate and P(3HB) due to the differences in the optimal concentration of biotin. Glutamate was extracellularly produced first under the biotin-limited condition of 0.3 g/L. Production was then shifted to P(3HB) by addition of biotin to a total concentration of 9 g/L. The final products obtained were 18 g/L glutamate and 36 wt% of P(3HB).
biosurfactant. (13) C. glutamicum is a biotin auxtrophic bacterium in which glutamate production is induced under biotin-limited conditions. However, in this study, P(3HB) production was found to be induced by the presence of biotin. In order to establish an effective dual production system of P(3HB) and glutamate in C. glutamicum, biotin was manipulated as the key component to switch production from glutamate to P(3HB). This switching behavior is in response to the metabolic linkage between the glutamate and our proposed P(3HB) synthetic pathway. This two-step cultivation would enable both substances to be produced at an optimized concentration of biotin.
pPS-CAB harboring a promoter of cspB and phaCAB operon derived from Ralstonia eutropha was constructed as described previously (7) for the P(3HB) biosynthesis. pPS-CAB was digested with BstEII and BamHI, blunted with T4 DNA polymerase and then a 6.2-kb fragment was self-ligated to construct pPS, which harbors a promoter of cspB only as the control vector.
C. glutamicum ATCC13869 was used as a host for P(3HB) production. This strain was transformed with the plasmid vectors by electroporation as described previously (14) . Two medias were used; a nutrient-rich medium (CM2G) (15) for pre-culture, and a minimal medium (MMTG) (15) for the main culture of C. glutamicum to produce P(3HB) or/and glutamate. Kanamycin (50 g/ml) was added to the seed-culture when needed.
The concentration of glutamate produced by recombinant C. glutamicum was determined using Yamasa L-Glutamic acid Assay Kit (Yamasa, Japan) according to the protocol recommended by the manufacturer. The P(3HB) content of the transformants was quantified by high-performance liquid chromatography (HPLC), as described previously (16) .
Glutamate production in C. glutamicum is known to be modulated by biotin, a vitamin essential for cell growth (17) . The specific activity of 2-oxoglutarate dehydrogenase complex (ODHC) decreased under the biotin-limited condition which eventually leads to extracellular overproduction of glutamate (18). Furthermore, a decrease in the cellular concentration of the Acetyl-CoA carboxylase (AccBC) subunit DtsR1 caused by biotin limitation was reported to reduce ODHC activity, which leads to glutamate overproduction (19). Therefore, biotin is able to switch the carbon flux of acetyl-CoA towards glutamate biosynthesis or fatty acid biosynthesis (Fig. 1) .
Concentration of biotin could affect the P(3HB) production as well, because acetyl-CoA is also a starting substance required for P(3HB) biosynthesis. Thus, we investigated the effects of biotin concentration on P(3HB) and glutamate production in the recombinant strains. Figure 2A shows glutamate and P(3HB) productions by wild-type and recombinant strains of C. glutamicum grown under various biotin concentrations, respectively. The production of glutamate by the wild-type strain was induced under biotin-limited conditions. Glutamate production reached 23 g/L when 0.3 g/L of biotin was added. However, glutamate production decreased drastically with increasing concentrations of biotin, and was mostly suppressed when more than 9 g/L of biotin was added. In contrast, P(3HB) production by the recombinant strain occurred for 3 g/L or higher biotin concentration. The recombinant strain reached maximum P(3HB) production (23 wt%) when 9 g/L of biotin was added and remained constant under an excess amount of biotin (450 g/L). This result indicates that C. glutamicum produced glutamate under the biotin-limited conditions and accumulated P(3HB) under the biotin-supplied conditions. Because the optimal concentration of biotin for glutamate and P(3HB) productions is largely different, these substances are not produced simultaneously per se; however, a two-step production should be rather favorable to produce glutamate and P(3HB). Thus, we attempted to establish a two-step production system, in which glutamate is produced in the first stage of fermentation and biotin is added to produce P(3HB) in the second stage.
In order to establish the dual production system, we investigated the effect of introducing P(3HB) biosynthetic genes on glutamate production. Table 1 shows that the levels of glutamate produced by the recombinant strains of C. glutamicum harboring the phaABC genes were equal to that of the control vector strain, indicating that glutamate production is not negatively affected by introducing P(3HB) biosynthetic genes.
Therefore, we concluded that 0.3 g/L of biotin is optimal for glutamate production in the first stage of fermentation, while 9 g/L of biotin would be the most efficient for inducing intracellular accumulation of P(3HB) in the second stage of fermentation.
Furthermore, the time-course of glutamate production was monitored to determine the optimal timing to switch into the P(3HB) production phase. Glutamate production reached its maximum at 72 hours and remained constant after that (data not shown). Therefore, we chose 72 hours as the time to switch the fermentation to P(3HB) production.
Considering these factors, we created a two-step production system of glutamate and P(3HB) as a strategy to optimize the production levels of both substances.
As shown in Fig. 2B , glutamate production was induced by biotin limitation (0.3 g/L) at the early stage. When the glutamate production reaches its peak after 72 hours of culture, 9 g/L biotin and 60 g/L glucose were added to induce intracellular accumulation of P(3HB). Slight decrease was observed in glutamate production from 72 to 96 hours, but remained constant throughout the rest of the fermentation. The extracellularly produced glutamate might have been consumed during cell growth triggered by the addition of biotin. Using biotin as the metabolic flux switch, we obtained 18 g/L of glutamate and 36 wt% of P(3HB) as the final products. The role of biotin as a switch of the carbon flux towards P(3HB) biosynthesis is clearly shown by the drastic increase in P(3HB) production after biotin addition.
To date, changes in the metabolic flux between glutamate and P(3HB) biosynthetic pathways have not been discussed in terms of biotin concentration. In this study, we investigated the production of P(3HB) with or without glutamate production by manipulating the biotin concentration as a switch between glutamate and P(3HB) production. It should be noted that P(3HB) accumulated in the dual production system (36 wt%, Fig. 2B ) increased 1.5-fold compared to that of the single production system (23 wt%, Fig. 2A ). Even though glucose was added twice during the fermentation, it is unlikely the reason for higher P(3HB) content is glucose, because nearly all glucose was consumed during the glutamate production phase (less than 1 g/L at 72 h, data not shown). Therefore, these results suggest that glutamate excreted into the medium improved P(3HB) production in the second stage. On the other hand, Liu et al performed simultaneous production of P(3HB) and glutamate in C. glutamicum and reported that P(3HB) accumulation increased glutamate production (20). However, in our system, glutamate and P(3HB) were separately produced by changing the biotin concentration, and therefore the positive effect of glutamate on P(3HB) production was clearly demonstrated.
We propose a prototype dual production process for glutamate and P(3HB) as illustrated in Fig. 2C . This system consists of two-step fermentation based on regulation of the biotin concentration, which is a key component that controls the production of both compounds in C. glutamicum. 
